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I.  INTRODUCTION 


At  photon  energies  below  1 MeV,  the  dose  deposited  in  the  active 

layers  of  semiconductor  devices  can  be  enhanced  considerably  by  photoelectrons 

emitted  from  nearby  higher  Z surfaces.  The  most  common  example  is  the 

Kovar  can- encapsulating  transistor  devices,  although  thin  gold  coatings  are 

often  encountered  also.  The  nature  of  nonequilibrium  radiation-dose  distri- 

1 2 

buttons  at  material  interfaces  has  been  studied  ' with  pulsed  radiation 
sources;  however,  the  experiments  have  been  limited  to  relatively  hard 
x-ray  spectra.  Results  are  reported  here  for  the  more  realistic  simulation 
spectrum  from  a plasma  focus.  The  results  are  especially  significant 
because  of  the  spectral  dependence  of  the  dose-enhancement  factor. 

Several  high-speed  bipolar  transistors  were  irradiated  with  the  Aero- 
space plasma-focus  devices.  Carefully  controlled  experiments  were  con- 
ducted to  separate  the  contributions  from  direct-photon  interactions  with  the 
silicon  chip  and  photoemission  from  nearby  surfaces.  The  relative  increase 
in  the  dose  deposition  from  the  latter  effect  is  termed  the  dose-enhancement 
factor  (DEF),  which  is  defined  as  the  ratio  of  total  energy  deposited  in  an 
active  layer  by  both  photoelectrons  and  photons  to  the  energy  deposited  by 
photons.  Measurements  of  the  nonuniform  dose  deposition  in  the  device 
are  compared  with  depth- dose  profiles  calculated  with  a Monte  Carlo  electron 
transport  code  for  the  plasma-focus  spectrum. 

The  series  of  experiments  on  the  bipolar  transistors  with  the  plasma 
focus  used  as  a pulsed- radiation  simulator  also  demonstrated  a simple  pro- 
cedure for  the  characterization  of  the  response  of  semiconductor  devices  to 
transient  radiation  where  steady -state  approximations  cannot  be  employed. 

The  calculation  of  photocurrents  generated  in  response  to  ionizing  radiation 
with  pulse  widths  less  than  the  minority- carrier  lifetime  are,  in  general, 
complex  because  of  the  difficulty  in  defining  the  effective  volume.  In  addition. 
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the  solution  must  account  for  the  buildup  of  primary  photocurrent  as  a function 
of  time  and  the  charging  of  the  emitter  and  collector  capacitances,  especially 
for  the  secondary  photocurrent,  which  is  related  to  the  transient-induced 
primary  photocurrent  by  the  frequency-dependent  current  gain  of  the  transistor 
h,  . Simple  bench  tests  were  devised  to  minimize  the  complexity  of  analysis 


by  current  injection  techniques. 


II.  PHOTOCURRENT  RESPONSE  IN  BIPOLAR  TRANSISTORS 


The  primary  photocurrent  I results  from  minority  carriers  in  the 
vicinity  of  the  base-collector  region  that  are  swept  across  the  junction  after 
the  production  of  hole-electron  pairs  by  the  ionizing  radiation.  Since  the 
energy  required  to  produce  one  hole- electron  pair  in  silicon  is  3.  6 eV,  this 
current  is  easily  calculated  once  the  active  volume  has  been  identified.  The 
secondary  photocurrent  1^  includes  the  contribution  from  I plus  any 
additional  current  that  flows  as  a result  of  current  multiplication  by  transis- 
tor action.  The  direction  of  flow  for  these  two  currents  is  shown  in  Fig.  1 
for  a NPN  transistor. 

The  steady-state  primary  photocur  "ent  is  directly  dependent  on  the 
dose  rate  y in  the  active  collection  region  and  is  expressed  as 

I = qg  YV  ,,  (1) 

pp  Mbo  ' eff  ' 

where  q is  the  charge  of  an  electron,  gQ  is  the  carrier  generation  rate 

conversion  factor,  and  V r,  is  the  effective  active  volume.  The  factor  g is 

eff  13  3 bo 

computed  for  silicon  as  4.  0 X 10  carriers/cm  -(Si)rad.  The  identification 
of  the  effective  volume  is  considered  for  epitaxial  transitors  (Fig.  2).  Holes 
and  electron  pairs  are  produced  uniformly  throughout  the  silicon;  however, 
carriers  in  the  highly  doped  emitter  region  are  neglected  because  of  the  short 
diffusion  length.  Similarly,  the  maximum  depth  in  the  collector  region  is 
taken  as  one  diffusion  length  Lc  from  the  base- collector  junction  or  to  the 
epitaxial  interface,  which  ever  is  smaller.  Thus,  the  effective  volume  is 

V ,,  = A (W,  + X + W ) (2) 

eff  c b c c 

where  Ac  is  the  collector  area,  is  the  epitaxial  base  width,  Xc  is  the 
depletion  thickness,  and  is  the  epitaxial  layer  width  below  the  depletion 
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layer  or  L«c,  whichever  is  smaller.  The  distance  + Xc  + Wc  represents 
the  effective  depth  for  photocurrent  generation.  Side-wall  contributions  to 
the  collector  area  are  considered  to  be  negligible. 

The  steady-state  secondary  photocurrent  can  be  expressed  as 


I = (1  + h ) I 
sp  r r.  pp 


(VBE  ‘ VBB)hFE 


(3) 


where  is  the  base  voltage  and  RD  is  the  base  resistance.  It  is  assumed 

DD  JJ 

that  the  transistor  is  forward  biased  to  conduction,  i.e.  , Vgg  is  approximately 
0.7  V. 

Calculations  of  primary  and  secondary  transistor  photocurrents  in  a 
transient  ionizing  radiation  environment  is  much  more  complex  than  the 
steady- state  solution  for  long  radiation  pulses;  thus,  a computer  solution  is 
usually  required.  Characterization  of  the  transistor  response  to  transient 
radiation  requires  the  detailed  modeling  and  specification  of  all  of  the  internal 
transistor  capacitances.  Specifically,  the  current  gain  of  the  transistor  h^ 
is  required  to  determine  the  secondary  photocurrent,  which  is  dependent 
both  on  the  magnitude  of  I and  the  frequency  response.  The  frequency 
dependence  results  from  the  charging  of  the  emitter  and  collector  capacitances 
and  the  base  region  by  the  primary  photocurrent.  Ir.  general,  the  transient 
radiation  response  of  the  secondary  photocurrent  is  more  easily  determined 
by  simple  current-injection  techniques  such  that  the  induced  primary 
photocurrent  is  appropriately  modeled. 
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III.  RADIATION  TRANSPORT  CALCULATION 


Calculations  for  the  steady- state  primary  photocurrent  I can  be 
made  with  the  use  of  a simple  model  when  secondary  emission  radiation 
effects  are  neglected.  When  these  effects  cannot  be  disregarded,  it  is 
necessary  to  calculate  the  dose- enhancement  factor,  which  is  a function 
of  the  depth-dose  profile  of  the  secondary  electrons  generated  by  nearby 
higher  Z surfaces.  The  dose -enhancement  factor  is  expressed  as 


DEF  = 


j/^2  js(x)  + P(x)Jdx 


P(x)dx 


(4) 


where  x is  the  depth  of  penetration  into  the  semiconductor  material  and  the 

distance  from  x^  to  x^  contains  the  effective  volume.  The  function  P(x)  is 

the  dose  versus  depth  energy  deposition  (usually  a constant)  of  the  primary 

* 

radiation  in  the  material  in  which  the  deposition  occurs,  whereas  S(x)  is  the 
dose  versus  depth  profile  of  the  secondary  radiation  emitted  from  high  Z 
surfaces  in  response  to  the  incident  primary  radiation.  In  practice,  the 
effective  volume  is  not  uniformly  sensitive  to  deposited  carriers,  and  the 
integration  limits  Xj  and  cannot  be  precisely  determined. 

The  function  S(x)  can  be  determined  with  the  use  of  a Monte  Carlo 

4 

electron  transport  code,  POEM,  which  calculates  x-ray  photoemission  from 
surfaces  and  the  depth-dose  profiles  in  materials  adjacent  to  photoemitting 
surfaces.  The  calculation  includes  the  number,  angle,  and  energy  distribu- 
tions of  the  photoelectrons  emitted  from  a surface  and  also  the  energy  and 
charge  deposition  profiles  of  an  adjacent  material.  Figures  3 and  4 are 


i; 
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depth-dose  profiles  in  silicon  calculated  with  the  POEM  computer  code  used 
for  secondary  electrons  emitted  by  nickel  and  tantalum,  respectively.  The 
plasma-focus  spectrum  identified  in  Fig.  5 as  Spectrum  I was  used  to  define 
the  primary  radiation  in  these  calculations. 


PRECEDING  PAGE  BLANK* NOT  FIi>£D 


IV.  EXPERIMENTAL  DESCRIPTION 


Radiation  tests  were  performed  with  pulsed  x-ray  emission  from  the 

Aerospace  34-  and  140-kJ  plasma-focus  devices.  Other  radiation  tests 

5-8 

carried  out  with  these  devices  have  been  described  previously.  Three 

different  spectra  (Fig.  5)  were  obtained  through  the  selection  of  various 

filters.  Pulse  widths  ranged  from  10  to  100  nsec,  and  peak  dose  rates 
7 9 

from  2 X 10  to  4 X 10  rad(Si)/sec. 

Two  transistors  and  a PIN  photodiode  were  mounted  on  a test  fixture 

that  was  positioned  40  cm  from  the  x-ray  source  to  permit  the  simultaneous 

irradiation  of  all  three  devices  by  the  plasma  focus.  Lead  shielding,  coated 

with  two  layers  of  a low  Z tape  to  minimize  photoemission,  surrounded  the 

semiconductors  in  order  to  eliminate  extraneous  photoresponses  from  other 

components  employed  on  the  test  fixture.  A diagram  of  the  experimental 

arrangement  is  shown  in  Fig.  6.  This  fixture  was  mounted  in  a test  chamber 

-2 

that  was  routinely  evacuated  to  10”  Torr  to  eliminate  air-ionization 
effects. 

The  electrical  circuit  used  for  testing  the  transistors  during  irradiation 
by  the  plasma  focus  is  shown  in  Fig.  7.  The  primary  photocurrent 
I was  measured  by  opening  the  emitter  and  grounding  the  base  lead 
(R  = 0).  Similarly,  the  secondary  photocurrent  I was  measured  with  the 
emitter  grounded  and  with  various  values  of  Rg.  The  currents  were  mea- 
sured by  fast- response,  miniature-current  transformers  that  were  shielded 
appropriately.  An  electrical  background  noise  of  less  than  1 mV  was  mea- 
sured at  peak  dose  rates.  The  incident  dose  rate  on  the  transistors  was 
measured  with  a PIN  photodiode.  The  diode,  with  an  area  of  0.  014  cm^  and 
thickness  of  0.002  cm,  had  filtering  identical  to  that  used  on  the  test 
transistor  except  that  the  filters  were  coated  with  low  Z tape  to  prevent 
dose  enhancement. 
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Fie.  7.  Electrical  Circuit  for  Radiation  Tests 


The  transistors  selected  for  the  radiation  studies  were  the  2N1613  and 
the  2N3947,  which  are  both  epitaxial  type  NPN.  The  criteria  for  selection, 
although  somewhat  arbitrary,  were  that  the  devices  have  a good  high- 
frequency  response  and  a simple  geometry  such  that  the  relative  areas 
could  be  easily  calculated,  that  the  transistors  be  of  the  general  purpose 
variety,  and  that  the  device  specifications  readily  available.  The  relevant 
characteristics  of  the  two  transistors  obtained  from  the  manufacturer  as 
well  as  the  specifications  for  the  photodiode  are  given  in  Table  1. 


Table  1.  Device  Characteristics 


Device 

2N1613 

2N3947 

Photodiode 

Manufacturer 

Motorola 

Motorola 

Quantrad 

Type 

NPN 

NPN 

PIN 

Construction 

Epitaxial 

Epitaxial 

Epitaxial 

Geometry 

Star 

Rectangular 

Rectangular 

Collector  area  A , cm 
c 

0.0014 

0.00046 

0.  015 

Collector  diffusion  length  L£,  cm 

0.003 

Collector  epitaxial  thickness  W , 
cm 

0.001 

0.0009 

0. 002a 

Collector  impurity  concentra- 
tion N , atoms /cm^ 
c 

1 5 

1 X 101D 

2 X 101D 

2 

Base  area  Ag,  cm 

0.0012 

0.0003 

Base  depth  r^,  cm 

Package 

0.0003 

0.0003 

Thickness  of  active  region  of  diode. 
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PHOTOCURRENT  RESPONSE  WITHOUT  DOSE  ENHANCEMENT 


An  initial  study  was  made  to  determine  the  photocurrent  response  of 
the  two  devices  from  primary  photoemission  without  the  enhancement  re- 
sulting from  secondary  photoemission,  which  was  accomplished  experimen- 
tally by  modifying  the  transistor  package  before  it  was  irradiated  by  the 
dense-plasma  focus.  Three  modifications  were  used,  which  include: 

(1)  the  removal  of  the  transistor  Kovar  lid,  (2)  the  evacuation  of  the  transistor 
package  and  back-filling  with  vacuum  pump  oil,  and  (3)  the  insertion  of  a 
low  Z dielectric  between  the  transistor  lid  and  the  semiconductor  chip. 
Experimental  tests  indicated  that  the  three  methods  were  equally  effective. 
These  tests  were  conducted  with  the  test  fixture  in  a vacuum  chamber;  how- 
ever, the  results  of  additional  tests  with  the  fixture  at  atmospheric  pressure 
were  within  20%  of  those  conducted  in  a vacuum,  which  suggests  that  air 
effects  do  not  significantly  affect  the  primary  photocurrent  response. 

Shown  in  Figs.  8 and  9 are  the  results  of  these  radiation  studies  with 
the  DPF  used  as  a photon  source  for  the  2N3947  and  2N1613  transistors, 
respectively.  Note  that  the  data  identified  with  solid  circles  correspond 
to  the  grounded-base,  open-emitter  configuration  and  represents  the  primary 
photocurrent  I . As  expected  from  Eq.  (1),  this  response  varies  linearly 
with  the  dose  rate.  The  other  data,  which  are  appropriately  identified, 
correspond  to  a configuration  with  the  emitter  grounded  and  a resistance 
Rg  inserted  in  the  base  circuit.  Only  radiation  pulses  with  durations  greater 
than  50  nsec  were  considered  so  that  steady-state  approximations  could  be 
made. 

The  results  of  the  primary  photocurrent  measurement  are  compared 

Q 

with  the  computed  responses  at  a dose  rate  of  10  rad(Si)/sec  in  Table  2. 

The  computed  steady- state  primary  photocurrent  responses  from  Eqs.  (1) 
and  (2)  were  in  excellent  agreement  with  the  experimental  results  and  are 
shown  as  a function  of  dose  rate  as  dashed  curves  in  Figs.  8 and  9. 


Transistor 


2N1613 


2N3947 


! 

I 


) 


Calculated  I , mA 
PP 

Measured  I , mA 
PP 


0.76 

0.80  ± 0.2a 


2^ 

Maximum  spread  of  nine  measurements. 
Maximum  spread  of  1 5 measurements. 


0.25 

0.27  ± 0. 09b 


The  validity  of  the  secondary  photocurrent  response  was  measured 
with  the  circuit  shown  in  Fig.  10  to  inject  current  pulses  into  the  base  of  the 
test  transistors  in  order  to  simulate  the  primary  photocurrent.  This  injection 
circuit  has  a very  large  output  impedance  and  provides  a nearly  constant 
current  output  for  the  pulse  duration  of  50  nsec.  These  data  are  shown  in 
Figs.  8 and  9 as  solid  curves  for  the  various  base  resistance  considered. 

The  injection  base  current  is  related  to  the  incident  dose  rate  by  the  calculated 
response  for  I (dashed  curves).  Note,  from  the  figures,  that  there  is  good 
agreement  between  the  two  methods. 

B.  PHOTOCURRENT  RESPONSE  WITH  DOSE  ENHANCEMENT 

The  enhancement  in  the  photocurrent  resulting  from  secondary  emission 

from  Z foils  was  investigated  by  comparing  the  responses  from  two  matched 

semiconductors  with  identical  filtration.  With  one  device,  the  high  Z foil 

was  placed  adjacent  to  the  semiconductor;  with  the  other  device,  a 0.00 5 -cm 

polyethylene  disk  was  placed  between  the  foil  and  the  semiconductor.  This 

thickness  of  polyethylene  was  adequate  to  prevent  electrons  from  reaching 

the  chip  after  being  emitted  from  the  high  Z foil.  The  high  Z materials 

investigated  were  the  Kovar  lids  from  the  transistor  cans,  which  consist 

-4 

primarily  of  nickel  and  a 5 x 10  cm  tantalum  foil.  Similar  studies  were 

_3 

performed  with  the  2 X 10  -cm -thick  PIN  diodes. 
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Fig.  10.  Current  Injection  Circuit  and  Test  Transistor 


The  primary  photocurrents  were  measured  for  these  configurations 
for  each  of  the  three  spectra  shown  in  Fig.  5.  The  dose- enhancement  factor 
was  calculated  as  the  ratio  of  the  primary  photocurrents  of  the  two  devices 
being  compared.  The  experimental  results  for  the  two  transistors  and  the 
photodiode  are  listed  in  Table  3 for  the  three  spectra. 


Table  3.  Measured  Dose- Enhancement  Factors 


Device 

Lid 

Spectrum  I 

Spectrum  II 

Spectrum  III 

Kovar 

1. 6 ± 0. 2 

2.  2 ± 0. 3 

1. 7 ± 0. 3 

2N3947 

Ta 

2. 1 ± 0. 3 

3. 2 ± 0. 6 

4. 6 ± 0. 7 

Kovar 

1.8  ± 0.4 

2.0  ± 0. 3 

2. 3 ± 0. 3 

2N1613 

Ta 

2.0  + 0.2 

3.  2 ± 0.4 

4.  1 ± 0. 7 

. 3 

2 X 10  cm 

Kovar 

1. 2 ± 0.  1 

1. 2 ± 0.  1 

1.2  ± 0.2 

PIN  Diode 

Ta 

1. 5 ± 0.  1 

1. 7 ± 0. 2 

2.  1 ± 0. 2 

Additional  dose- enhancement  data  are  also  presented  in  Fig.  11  for  the 
2N1613  transistor  in  the  amplifying  mode,  i.e.  , the  emitter  is  grounded,  and 
the  base  is  connected  to  ground  through  a 1000-f2  resistor.  In  this  study, 
a tantalum  photoemitter  and  the  DPF  spectrum  identified  as  Spectrum  I in 
Fig.  5 were  used.  The  dose  rate,  which  is  no  longer  linearly  related  to 
the  transistor  current,  was  measured  by  the  PIN  diodes. 

C.  COMPARISONS  OF  CALCULATED  AND  MEASURED 
DOSE-ENHANCEMENT  FACTOR 


I 


The  dose -enhancement  factor  for  the  transistors  was  calculated 
with  the  use  of  Eq.  (4)  and  the  depth-dose  profiles  of  Figs.  3 and  4 in  order 
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to  define  the  secondary  radiation  function  S(x)  for  nickel  (Kovar)  and  tantalum, 
respectively.  The  integration  limits  of  = 0.0003  cm  and  x^  = 0.0011  cm 
define  the  boundaries  of  the  active  volume,  with  it  assumed  that  there  is  a 
0.  0001 -cm  SiO^  layer  over  the  epitaxial  silicon  and  that  the  first  0.  0002  cm 
of  silicon  does  not  contribute  to  the  primary  photocurrent  I . The  DEF  was 
calculated  to  be  2.  6 and  4.  7 for  the  nickel  and  tantalum  photoemitters, 
respectively,  for  the  primary  radiation.  Spectrum  I of  Fig.  5. 

In  the  calculations  for  the  DEF  for  the  0.002-cm  PIN  photodiode  the 
same  considerations  as  above  were  used;  however,  the  integration  limits 
were  specified  to  be  0.0003  to  0.0023  cm.  The  dose-enhancement  factors 
for  the  photodiode  were  calculated  as  1.9  for  nickel  and  3.  1 for  tantalum. 

All  of  the  calculated  values  are  higher  than  the  actual  measured  values 
summarized  in  Table  3 for  Spectrum  I.  Possible  causes  of  error  are  (1) 
inaccurate  specification  of  the  spectrum  for  the  depth-dose  calculation, 

(2)  failure  to  take  into  account  the  gap  between  the  semiconductor  chip  and 
the  photoemitting  surface,  (3)  attenuation  of  photoelectrons  by  conducting 
pads  and  lead  wires,  and  (4)  inaccurate  specification  of  the  integration 
limits  Xj  and  x^. 


f 


PRECEDING  PAGE  BLANK* NOT  FILLED 


VI.  CONCLUSION 


The  response  of  bipolar  transistors  to  ionizing  radiation  consists  of 

three  contributing  factors:  (1)  the  primary  photocurrent  I , (2)  the 

secondary  photocurrent  I , and  (3)  the  dose-enhancement  factor  DEF.  It 

was  shown  that  I can  be  predicted  accurately  by  computations  made  on  the 

basis  of  device  geometry,  whereas  I can  be  determined  with  the  aid  of 

sp 

simple  bench  tests.  The  dose- enhancement  factor,  however,  is  not  as  easily 
calculated,  even  with  the  aid  of  complex  computer  codes  such  as  POEM, 
because  parameters  are  involved  that  are  difficult  to  measure  when  the 
incident  radiation  has  low  energy  (20  to  100  keV).  The  depth-dose  profile 
of  the  secondary  electrons  falls  off  very  rapidly  in  silicon  so  that  both  the 
active  volume  of  the  transistor  and  the  spectrum  profile  must  be  known 
precisely  in  order  to  obtain  a reasonably  accurate  result.  Thus,  it  is  con- 
cluded that  the  transient  low-energy  radiation  response  of  a transistor  is 
best  determined  by  laboratory  simulation  with  a suitable  radiation  source. 
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APPENDIX 

COMPARISON  WITH  A HIGH-ENERGY 
RADIATION  SOURCE 


Tests  were  conducted  in  March  1974  as  a cooperative  effort  between 
TRW  and  The  Aerospace  Corporation  to  determine  the  dose -enhancement 
effects  resulting  from  photoemission  from  Kovar  lids.  Laboratory 
measurements  of  a Motorola  Type  2N2944  with  and  without  a 0.015-cm 
polyethylene  insert  between  the  lid  and  semiconductor  chip  were  performed 
both  on  the  Aerospace  34-kJ  plasma-focus  device  and  the  TRW  Febetron 
flash  x-ray  devices  (2  MV).  Theoretical  support  was  provided  by  TRW. 

TRW  calculated  that  the  polyethylene  insert  would  reduce  the  photoemission 
from  the  inside  of  the  Kovar  lid  by  a factor  of  129  for  the  dense-plasma- 
focus  spectrum,  which,  from  Eq.  (4),  means  that  the  integrated  dose-depth 
profile  S(x)  would  be  reduced  by  a factor  of  129  and  the  DEF  would  be  reduced 
accordingly,  depending  on  the  magnitude  of  the  primary  dose  P(x).  In  the 
laboratory  measurements,  the  primary  photocurrent  I of  the  2N2944  was 
reduced  by  a factor  of  2 with  the  polyethylene  inserted  when  the  Aerospace 
dense-plasma  focus  source,  with  Spectrum  I of  Fig  3 used,  generated  the 
primary  radiation  spectrum.  Similar  measurements  made  with  the  TRW 
Febetron  as  the  primary  radiation  source  indicated  that  there  was  no 
difference  with  or  without  the  polyethylene  insert.  This  result  was  as 
expected  because  of  the  much  harder  x-ray  spectrum  of  the  Febetron  that 
generated  secondary  electrons  that  were  too  energetic  to  be  stopped  by  the 
polyethylene,  which  illustrates  the  extreme  dependence  of  the  dose- 
enhancement  factor  upon  spectral  characteristics. 
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THE  IVAN  A.  GETTING  LABORATORIES 


The  Laboratory  Operation*  of  The  Aeroepace  Corporation  is  conducting 
experimental  and  theoretical  investigations  necessary  for  the  evaluation  and 
application  of  scientific  advances  to  new  military  concepts  and  systems.  Ver- 
satility and  flexibility  have  been  developed  to  a high  degree  by  the  laboratory 
personnel  in  dealing  with  the  many  problems  encountered  in  the  nation's  rapidly 
developing  space  and  missile  systems.  Expertise  in  the  latest  scientific  devel- 
opments is  vital  to  the  accomplishment  of  tasks  related  to  these  problems.  The 
laboratories  that  contribute  to  this  research  are: 

Aerophysics  Laboratory:  Launch  and  reentry  aerodynamics,  heat  trans - 
fer,  reentry  physics,  chemical  kinetics,  structural  mechanics,  flight  dynamics, 
atmospheric  pollution,  and  high-power  gas  lasers. 

Chemistry  and  Physics  Laboratory:  Atmospheric  reactions  and  atmos- 
pheric  optica,  chemical  reactions  in  polluted  atmospheres,  chemical  reactions 
of  excited  species  in  rocket  plumes,  chemical  thermodynamics,  plasma  and 
laser-induced  reactions,  laser  chemistry,  propulsion  chemistry,  space  vacuum 
and  radiation  effects  on  materials,  lubrication  and  surface  phenomena,  photo- 
sensitive materials  and  sensors,  high  precision  laser  ranging,  and  the  appli- 
cation of  physics  and  chemistry  to  problems  of  law  enforcement  and  biomedicine. 

Electronic*  Research  Laboratory:  Electromagnetic  theory,  devices,  and 
propagation  phenomena,  including  plasma  electromagnetics;  quantum  electronics, 
lasers,  and  electro-optics;  communication  sciences,  applied  electronics,  semi- 
conducting, superconducting,  and  crystal  device  physics,  optical  and  acoustical 
im>|ia|;  atmospheric  pollution;  millimeter  wave  and  far-infrared  technology. 

Materials  Sciences  Laboratory:  Development  of  new  materials;  metal 
matrix  composites  and  new  forms  of  carbon;  test  and  evaluation  of  graphite 
and  ceramics  in  reentry;  spacecraft  materials  and  electronic  components  in 
nuclear  weapons  environment;  application  of  fracture  mechanic*  to  stress  cor- 
rosion and  fatigue-induced  fractures  in  structural  metals. 

Space  Science*  Laboratory:  Atmospheric  and  ionospheric  physics,  radia- 
tion from  the  atmosphere,  density  and  composition  of  the  atmosphere,  aurorae 
and  airglow;  magnetoapheric  physics,  cosmic  rays,  generation  and  propagation 
of  plasma  waves  in  the  magnetosphere;  solar  physics,  studies  of  solar  magnetic 
fields;  space  astronomy,  x-ray  astronomy;  the  effects  of  nuclear  explosions, 
magnetic  storms,  and  solar  activity  on  the  earth's  atmosphere,  ionosphere,  and 
magnetosphere;  the  effects  of  optical,  electromagnetic,  and  particulate  radia- 
tions in  space  on  space  systems. 
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